Introduction 1 2
Microfiltration is a separation process by which some constituents of a suspension are 3 separated from the liquid by a membrane mainly acting as a sieve. Ideally the membrane 4 allows the passage of the fluid through its pores while retaining all suspended solid particles 5 originally present in the fluid. The ideal picture stands if solid particles are all larger than the 6 pores of the membrane and the pore structure consists in capillaries. However in almost all 7 practical cases a fairly wide range of effective particle sizes exists in the feed as well as a 8 random distribution of pores exists in the membrane. In usual cases, when filtering 9 suspensions containing more than a few percents of solids, blocking of particles inside or on 10 the top of the membrane occurs, leading to a reduction in filtration flux. There are four 11 mechanistic models that are generally used to describe fouling 1, 2 . . 12
• Complete blocking assumes a seal of pore entrances and the prevention of any flow 13 through them. As pore entrances are sealed, the area open to flow is reduced. 14 • Intermediate blocking also assumes a seal of pore entrances by a fraction of particles 15 and a deposition of the rest on the top of them. 16
• Cake filtration is a mechanism by which particles accumulate at the surface in a 17 permeable cake of increasing thickness that adds a hydraulic resistance to filtration. 18
• Finally standard blocking assumes an accumulation inside the membrane on the pore 19 walls. As the pores are constricted, the membrane permeability is reduced. The 20 mathematical expressions for these laws are summarized in Table 1 . These 21 expressions were derived by Hermans and Table 1 presents the physical basis for each fouling mechanism and the corresponding n-value 4 according to Eq. (1) . The blocking filtration laws have also been extensively used under their 5 linear form detailed in Table 4 . 6 Each of these mechanisms has been individually invoked alone or in combinations, to explain 9 experimental observations. Most of the time the model which best fits the experimental data is 10 claimed to capture the fouling mechanism. 11
For filtration of BSA proteins suspensions, standard blocking, intermediate blocking or 12 complete blocking models were found to fit the experimental data 5 with the intermediate 13 model providing the best fit. A combination of standard or complete model and subsequently 14 cake model was also found to fit the data well for the same system 6 . In some other 15 conditions, 7 , it was observed that fouling of microfiltration membranes by BSA did not 16 follow any of the individual models and is more likely described by a combination of several 17 1 This works intends to complete previous studies by setting a methodology to analyse 2 experimental flux decline for dead-end filtration runs and identify successive prevailing 3 mechanisms As developed further on, we shall simply assume three types of blocking 4 mechanisms (cake, complete blocking and standard fouling) The methodology can be 5 implemented even in the absence of precise information on the "suspension" or on the filter 6 (for instance, particle size distribution, mean particle diameter, pore size distribution, nominal 7 pore diameter, zeta potential, etc.) and is applicable to various systems (in this paper, we 8 report the results obtained with a bentonite suspension filtered through four microfiltration 9 membranes of different pore size). 10
In our approach, we made the choice of not to describe the transitions between two apparent 11 fouling regimes when two different mechanisms may compete, a point of view which differs 12 from other work 8 , but to approximate the filtration curve into several successive apparent 13 steps during which only one fouling mechanism is predominant. We also made the choice not 14 to dilute the feeds but to develop an appropriate data analysis to capture the initial regime of 15
blocking. 16
In this paper, the main steps of the approach are detailed. Then we see how one could select a 17 filter medium adapted to the filtration of a given suspension and we present how the blocking 18 coefficients deduced with our methodology evolve when parameters such as feed suspension 19 concentration, transmembrane pressure or mean pore diameter change. 20 21
Modelling flux decline 22
The approach proposed is based on the flux decline analysis. Three types of fouling 23 mechanisms have been considered (cake, complete blocking and standard blocking) leading to 24 a flux decline. Each mechanism is denoted by a specific subscript as : 25 1 -(C) for cake formation defined as particle capture at the top surface of the filter (to form a 2 cake or a deposit); 3 -(I) for standard blocking defined as particle capture inside the filter. 4
5

A series description for the different mechanisms 6
The evolution of the permeate flux, J, with filtration time has been modelled by a classical 7 Darcy law 10 : 8
where R is a hydraulic resistance. 10 Accordingly , the permeate flux is expressed by: 11
where R m and R C correspond to the hydraulic resistances of the filter (fouled or not) and the 13 hydraulic resistance of the cake, respectively. As in an unstirred system, we use the classical 14 assumption that the deposit is covering the entire area of the filter. 15
Complete Blocking (B) 16
Concerning the complete blocking mechanism, we use a surface coverage ratio, β B , 
Cake Formation (C) 12
The cake hydraulic resistance, R C , increases with the cumulative permeate volume V, at a rate 13 characterised by η C for cake formation (C) according to the following equation:
ηC is the volumic specific resistance of the cake ( see Appendix I). The filtration system is composed of an air-pressurized feed tank connected to a 50-mL 9 filtration cell (Millipore). A fresh membrane is mounted up in the filtration cell and the 10 reservoir is first filled with deionised water. The system is pressurised until a steady state flux 11 is obtained. The cell is then emptied and refilled with the suspension to be filtered. 
4.
Methodology background 21
22
The first objective is to identify which fouling mechanisms are prevailing and when, 23 during a filtration experiment. Even if we do know that fouling phenomena can 24 simultaneously occur, we assume that a filtration run can be split into several successive steps 25 in which only one fouling mechanism is prevailing. Flux decline analysis requires a rigorous 1 procedure so as to discriminate between the different fouling mechanisms from a 2 differentiation of experimental data such as in equation (1). 3
From a filtration data set, ( ) V t , it is necessary to develop an optimised data post-processing 4 method in order to derive parameters from the
equations. In order to 5 attenuate the noise in experimental data, a smoothing method is used: the moving average 6 filtering method. It is a low pass filter that averages five neighbouring data. This method 7 proved to be simple and efficient. Lastly, the finite differences method 11 is used to 8 numerically derive ( )
Prevailing fouling mechanisms 11
In Table 1 , it has been noticed that a specific value of n characterizes each given fouling 12 mechanism. In the cases for which the value of n found experimentally is different from the 13 ones given in Table 1 , we do not have any physical fouling model that corresponds to the flux 14 decline: there may be a combination of several identified or not identified mechanisms. 15
16
Let us now focus on the exponent n. The value of n enables the identification of the 17 controlling fouling mechanisms, whereas the determination of k permits the quantification of 18 the identified fouling mechanism.(see Table 2 ). 19 20 Table 2  21 Fouling mechanisms k n Cake Filtration Table 3 , when k is derived by fitting equation (1) to experimental 2 data, it is greatly influenced by the time step Δt used in the differentiating method. Accordingly, it seems more appropriate to use Equation (1) for mechanism identification 7 purposes only (evaluation of n) but not for quantification (estimation of k). k will therefore be 8 determined by using the linear form of the models (Table 1) . 9
Besides, the use of equation (1) also allows the determination of a range of specific data for 10 which a given mechanism is controlling the flux decline process. The blocking parameters are 11 then evaluated on the data range corresponding to a period of time where the blocking law 12 prevails, which is a key point of this methodology. 13
14
Determination of blocking parameters 15
Once the data range has been determined for each fouling mechanism, the parameters can be 16 evaluated from the plot of the linear form of the considered fouling mechanism (Table 4) . 17 18 
Approximation of the filtration in several successive fouling regimes 2
As for an example, for the 'bentonite-.5 μm membrane' system (Figure 3 ), this method allows 3 to identify two fouling regimes 4 -A very low fouling (VLF) regime, in our description the flow rate is indeed assumed to 5 remain constant . We use the average value over the time period (Step I). This 6 duration is actually an approximation since the permeate flow rate slightly decreases 7 during this period (Figure 4) . But according to the
representation, the 8 slope n is greater than 2 for this period and it is therefore not possible to refer to a well 9 identified fouling mechanism. We came to suppose that this period may correspond to 10 the deposit of the few first particles having some pore bridging effect; since the mean 11 pore diameter is larger than the mean particle diameter;r 12 -surface blocking or pore blocking (B) regime for which the fouling behaviour is 13 dominated by the complete pore blocking phenomenon (Step II) (n=2) ; in this regime 14 we calculate the value of B η by fitting experimental data with equation (11) When the mean pore diameter is close to the mean particle diameter, we often observe the last 3 two steps (Steps II and III). When the mean pore diameter is much smaller than the mean 4 particle diameter, only cake filtration (C) appears to control flux decline from the very 5 beginning. ( Step III).. 6
Methodology approximations 7
Splitting the experimental filtration curve into several successive mechanisms might be a 8 rough approximation as commented before. To make an assessment of the approach, we seek 9 to rebuild the filtration curve from the equations presented in the previous section, and from 10 the parameters derived from experimental data. This step is not a compulsory step of the 11 methodology but a test ensuring that approximations do not introduce significant bias in the 12 quantification of blocking parameters. In order to determine the transition between the pore blocking regime and the cake formation 18 regime, two straight lines (n = 2 and n = 0 (plateau)) can be drawn ( Figure 3) .. If we 19 extrapolate these two lines, we consider their intersection determines a transition between the 20 two regimes. 21
We then compare the data calculated by approximation in successive fouling regimes with the 22 experimental data. We show the comparison for some given operating conditions in Figure 5 : 23 a suspension concentration of 10 -2 g.L -1 and a transmembrane pressure of 0.3 bar, for the four 24 membranes covering a large spectrum of pore sizes (from 0.2 to 8 µm).. 25 Figure 5 shows the plot of experimental and calculated curves for the four membranes. 1
The methodology gives quite good results for 0.2 μm, 5 and 8 μm membranes, as the 2 calculated curves are very close to the experimental points. The difference between 3 experimental curve and calculated curve for 0.8 μm membrane is close to 15 % which is still 4 acceptable. 5
Methodology robustness 6
According to the model, β B,f can be estimated as described above by fitting experimental data range for which pore blocking regime is dominant (n = 2). 13
In Figure 6 , we compared the values of β B,f determined from the first procedure ( exp) and 14 from the second one ( calc.). The values obtained with both procedures are very close to each 15 other. We can conclude a good agreement between parameters determined in the surface 16 blocking dominant regime with those determined on the experimental data range for which 17 the cake filtration regime is dominant. From this result, we can deduce that our methodology 18 is able to describe the fouling phenomena occurring during a filtration run even though the 19 transition periods have been neglected. 20
In the second part of the paper we shall describe how blocking parameters (β B,f , η B, η c ) 21 correlate to filter type and operating parameters, such as transmembrane pressure or feed 22 concentration. 23 24
5.
Results and analysis 1 2
5.1.
Choice of a filter medium 3
When having to filter a given suspension, the industrial issue is often to get or maintain the 4 highest flow rate at a fixed transmembrane pressure.Whenever filtration is used to collect and 5 concentrate valuable solids, cake formation can be considered as a production regime. The 6 fouling of the filter medium, occurring before or during production is detrimental to the 7 process efficiency. The selection of the filter medium should therefore primarily be based on 8 these filter fouling issues only. 9
10
In this work, we run three series of filtration experiments with a bentonite suspension through 11 different microfiltration membranes. Blocking of the filter surface then cake formation onto 12 the filter media were the two main successive fouling regimes which were identified by the 13 methodology. 14 One can consider that cake formation does not contribute to filter fouling. However, the cake 15 filtration generates a flux resistance, whose effect is to decrease the filtration process 16 productivity. Its quantification is then worth to be known. 17
The (η c ) parameter is an intrinsic characteristic of the filtration cake as we observe the same 18 variations with suspension concentration and pressure, whatever the microfiltration 19 membrane).Therefore, it does not help at selecting the best filter media. 20
The (η B ) parameter characterises the rate of surface blocking by a particle, whereas the 21 surface parameter, β B , quantifies the surface coverage, and β B,f quantifies the coverage at the show the same trends towards a variation (increase or decrease) of an operating or system 2 parameter. The study of the pore diameter effect shows that using a filter, whose mean pore 3 diameter is close to the mean particle diameter is obviously to be avoided. 4
The knowledge of the particle size distribution of a suspension to be filtered is often useful to 5 avoid choosing certain filter types which could lead to severe media blocking, but this criteria 6 cannot remain the only basis 7 8 Our goal is to choose a filter whose flux resistance at the end of the blocking regime (before 9 starting the cake filtration regime), In Figure 8 , the data which correspond to the 5 and 8 µm membranes are not considered in the 5 following discussion as we already know that a membrane whose mean pore diameter is way 6 greater than the particle size distribution should be avoided. 7
Usually, the choice of a filter media is usually made on the sole basis of the knowledge of the 8 clean filter media resistance, 0 , m R , value. In Figure 8 , we can note that the 0.2 µm membrane 9 has a clean filter media resistance which is higher than the one of the 0.8 µm membrane 10 whereas, at the end of the blocking regime period, the former membrane displays a flux 11 resistance which is lower than the one of the latter. We can then deduce that the 0.2 µm 12 membrane is the best compromise and is able to maintain a good productivity during the cake 13 
Blocking parameters variations when changing operating parameters 22
In this section, we focus on parameters variations for the system 'bentonite suspension 1 -cellulose MF membrane' with the two main mechanisms: complete blocking and cake 2 formation. 3 4
Effect of feed concentration 5
We conducted filtration experiments for a wide range of feed concentrations, from 10 -3 to 10 6 g.L -1 . The transmembrane pressure was set to 0.3 bar. 7 8 Figure 9 shows the increase in η C the volumic specific resistance of the cake with bentonite 9 concentration for the four membrane pore diameters. A correlation can be determined: η C = 10 7,2.10 14 ×C
1.1 , whatever the studied membrane. which indicates that the value thus obtained 11 characterizes the cake structure, and id independent on the filter characteristics. 12
As shown in Figure 10 , η B also increases with the suspension concentration but in a nonlinear We defined ψ p/pore as the ratio of pore to particle projected surfaces (assuming spherical 19 particles). Physically; it represents the number of blocked pores quantity per blocking particle 20 when pore size is smaller than particle size.. As shown in Figure 13 , (η B ) decreases when the transmembrane pressure increases for both 13 membranes (0.2 and 8 µm). In Figure 13 , for the 8 µm membrane, the value of (η B ) is high 14 (1500 m -1 ) for very low transmembrane pressure, whereas it is much lower for the higher 15 pressures. This shows that bentonite particles have a strong tendency to stick to the membrane 16 pores at low filtration rate. The trend is different for the 0.2 µm membrane. As the mean 17 particle diameter is here four times greater than the mean pore diameter, the filtration rate has 18 a weak effect, compared to the 8 µm membrane. 19
From these data, we see that when increasing the transmembrane pressure, a decrease of the 20 η B value has been observed .The shear stress, τ w , at the pore entrance should be considered in 21 order to explain these observed variations. For a cylindrical pore, the shear stress, τ w , at the (14), we calculated the shear stresses (see Table 5 ) corresponding to 3 filtration experiments . 4 In Figure 14 , we have plotted η B versus the wall shear stress, τ w . At low wall shear stress, η B 8 has a high value, and conversely. This result is in good accordance with the fact that the effect 9 of a high wall shear stress at the pore entrance is to lift particles captured at the membrane 10 surface, in other words, to decrease the total amount of particles actually stick to in the filter 11 media. 12 Also, a threshold value for the wall shear stress (τ w ≅ 2 Pa) appears in Figure 14 , above which 13 η B tends to stabilize when the transmembrane pressure increases. The data for the 0.2 µm are 14 all above the threshold value, which explains why the pore blocking mechanism is not as 1 much affected by an increase of transmembrane pressure as it is for the 8 µm membrane As 2 the average size of bentonite particle is around 0.5 μm; it can be expected that hydrodynamics 3 will only play a role when particle size are smaller than pores. Accounting for the shear stress 4 in the pore sheds some light, and some details on the physics of the particle capture efficiency 5 in this system. 6 fouling mechanisms prior to a quantitative determination of parameters (blocking parameters) 2 characterising the "suspension-filter" system, allows a rather good description of the flux 3 decline and underlying fouling mechanisms during filtration of a particle suspension. We 4 have considered here the filtration of a bentonite suspension on several microfiltration 5 membranes over a wide range of feed concentrations and transmembrane pressures. 6
This work is based on splitting the fouling analysis into two steps: one is dedicated to 7 the identification of the prevailing fouling mechanisms, and the fraction of process they 8 control. This one much preferably will use equation (1), and the concept of capture efficiency. 9
The second step uses the integrated form of equation (1) and is aimed at finding the 10 values of the model parameters, for each fouling mechanism. 11
Even if several fouling phenomena may simultaneously occur, the assumption of 12 successive prevailing fouling mechanisms used here enables a good description of flux 13 decline during a filtration run. The good agreement between experimental and calculated data 14 over wide ranges of operating parameters is a favourable indication of the robustness to this 15 approach, even though the level of description of the filter-suspension system was kept as low 16 as possible all along which makes this approach quite a valuable one for complex systems 17 such as industrial suspension. As a matter of fact, time and volume filtered are the only basic 18 data used. Correlation to other information regarding the filter (pore size) or the suspension 19 (concentration, particles size distribution) is possible, but not necessary. 20
In the systems tested here, we identified two prevailing mechanisms namely surface blocking 21 and cake filtration. A valuable further step would be to extend this work to other systems 22 implying pore blocking as well as internal fouling by testing various "suspension-filter" pairs. 23
An original finding was that surface blocking may considerably reduce the filtering surface 24 open to flow, as up to 80% of the filter surface could get blinded at the end of the blocking 25 regime. Phenomenological correlations between blocking parameters for internal, surface or 1 cake blocking mechanisms and operating parameters such as feed concentration or pressure 2
give first insights into physical aspects which rule the particle trapping in different locations 3 of the filter. Such an approach should also be useful to develop more physical models for 4 blocking phenomena. Step III 
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